The membrane (M1) protein of influenza virus was found to be heterogenous and to occur in two forms in the virus particle. The two forms of Ml were found in virus which was produced both early and late after infection and in infected cells. The two forms could be separated on polyacrylamide gels under specific conditions. The two components of Ml contained similar tryptic peptides. However, a small proteolytic difference between the two proteins could not be ruled out. Both Ml proteins were present in phosphorylated form in the virus particle. The phosphorylated Ml components were not readily distinguished from phosphorylated nonstructural protein (NS,) when cytoplasm of infected cells was analyzed on polyacrylamide gels. The two phosphorylated Ml components could, however, be detected in infected cells by immunoprecipitation. One Ml component contained only phosphoserine whereas the second contained phosphoserine and a small amount of phosphothreonine as well. In addition to the phosphorylated nucleoprotein and MI, a third phosphorylated protein was routinely detected in virus particles. It was a surface component of the virus, since it could be removed from whole virus with chymotrypsin and contained phosphate at serine residues. The identity of this component was not known.
The lipid-containing viruses which bud from eucaryotic cells have been important tools in the study of membrane biogenesis. Influenza virus is a model system for studying membrane formation, and we chose to study the membrane (MI) protein, which is the major component of the virus. The paramyxoviruses and rhabdoviruses contain equivalent types of M proteins, which must play a pivotal role in the assembly of the virus particle. The M protein must recognize the site on the plasma membrane where insertion of the external glycoproteins has occurred and must also entrap the ribonucleoprotein to give an infectious unit. Therefore, the characterization of these proteins is important in studies dealing with the mechanisms involved in the formation of membranes and the budding process of these viruses.
The influenza virus MI protein is situated below the lipid bilayer of the virus and appears as a tightly adherent sac that surrounds the ribonucleoprotein (3, 35) . In vitro evidence suggests that M is part of the lipid bilayer of the virus (4, 11, 12, 17) . Isolated M1 has a high affinity for lipid and can be inserted into lipid vesicles by the detergent dialysis method (4, 11) or merely by shaking aggregates of M1 with preformed lipid vesicles (11) . Two regions of M1 embed into bilayers in vitro (12) . More direct evidence has been obtained that M is part of the lipid bilayer in intact virus by the use of activatable hydrophobic probes. These type of probes partition into lipid bilayers and cross-link to all components embedded in the lipid when exposed to UV light. Such probes bind to the hemagglutinin (HA), the neuraminidase, and MI, indicating that Ml is an integral part of the viral membrane (12) .
The Ml protein of influenza virus contains many areas in its sequence which are made up of uninterrupted stretches of neutral and hydrophobic amino acids (1, 19, 39) . This unusual sequence explains the high affinity of the Ml protein for lipid, the solubility of Ml in organic solvents (9) , and probably the anomalous electrophoretic behavior of Ml on * Corresponding author. MATERIALS AND METHODS Virus and cells. The WSN strain of influenza virus was used. The virus was grown on chicken embryo fibroblasts (CEF). Virus was grown in the presence of a mixture of radioactive amino acids or methionine and purified from the fluids as previously described (9) . Virus-specific proteins present in the infected cell were detected by infecting monolayers with 2 PFU per cell. Cells were labeled with 14C-amino acids or [35S]methionine from 5 to 7 h after infection.
Monolayers were harvested at 7 h after infection.
Fractionation of CEF. Monolayers of CEF were washed with reticulocyte swelling buffer (RSB) consisting of 0.01 M Tris (pH 7.4), 0.01 M NaCl, and 1.5 mM MgCl, and harvested in 0.5 ml of RSB per monolayer. Cells were homogenized with 30 strokes of a Dounce homogenizer. Nuclei were pelleted at 1,000 rpm for 10 min. The cytoplasm was removed, and the crude nuclei were suspended in 2 ml of RSB (1, 39) , has recently been designated M1 to distinguish it from a second protein of about 11,000 daltons, designated M2 (19) . These two proteins are transcribed from the same viral RNA by a shift in the reading frame (1, 15, 19) . Whereas the M1 protein is the major component of the virus particle, M2 is a nonstructural protein present only in infected cells (19) . Occasionally we have noted that the M1 protein splits into two bands when the viral proteins are analyzed on gels, and we have investigated this phenomenon further. The nucleoprotein (NP) has already been shown to occur in two forms both in the cell and in the virus (2, 41) .
WSN virus labeled with [35S]methionine was purified, and the proteins were separated on 15% polyacrylamide gels.
Two bands were detected in the NP area, which is consistent with previous findings (Fig. 1, lane 1) . Two strong bands were also visible in the MI area. In addition to Ml, there are two other proteins which migrate to the same area; one is the HA2 polypeptide and the second is the NS1 protein, which is synthesized in great abundance in the infected cell (16, 20, 30) . NS1 has not been detected in purified virus particles, although virus inocula may contain some NS1 which may be present as a contaminant from disrupted cells (36) . It was necessary, therefore, to identify the second strong band in the vicinity of the M1 protein in our virus preparations.
Therefore, virus was treated overnight with chymotrypsin to remove the HA2 and any surface contaminant. The virus was then sedimented through a cushion of 30% sucrose, and the pellet was solubilized and analyzed on gels. The HAO, neuraminidase, HA1, and HA2 were clearly removed by the chymotrypsin, whereas the two bands in the M1 area were unaffected (Fig. 1, lane 2) . These two bands were thus internal components of the virus. Both proteins were extractable into acidic CM, which we use routinely for isolating the Ml protein from the virus (Fig. 1, lane 3) . The proteins were designated Mla and Mlb for purposes of discussion in this paper.
The molecular weight of the Mla protein was assumed to be 27,500, which is the molecular weight calculated for the Ml protein from its nucleic acid sequence (1, 39 Fig. 2A) and Mlb (Fig. 2B) . However, a small proteolytic cleavage cannot be ruled out. The pattern was clearly different from the NS, protein which was isolated from nucleoli of infected cells (Fig. 2C) .
Presence of two forms of Ml in infected cells. The presence of two forms of Ml in infected cells was investigated.
Infected CEF were labeled with [35S]methionine from 5 to 7 h after infection, solubilized, and analyzed on gels. A separation of Ml into two bands was effected when whole cells were analyzed on gels, if the sample volume was kept small (Fig. 3, lane 2) . Under the conditions which allowed for the separation of Ml into two components, the NS, also separated into two species (Fig. 3, lane 2) . The NS1 protein consists of several species which are phosphorylated to different degrees, and these have been separated by isoelectric focusing (29) . The separation of NS, in SDS gels seen in Fig. 3 may, therefore, be based on a difference in phosphorylation rather than on an actual difference in molecular weight.
Phosphorylated state of the Ml protein in virus. The possibility that Ml was a modified protein was investigated.
Specifically, we determined whether the M1 protein was phosphorylated. The virus was grown in the presence of 32Pi and purified. The lipid was removed, the RNA was hydrolyzed with RNase, and the viral proteins were analyzed on gels. The NP and the M1 proteins each separated into two bands when [35S]methionine-labeled virus was run alongside of the 32P-sample (Fig. 4, lane 1) . Separation of the 32P-labeled virus indicated that phosphate was associated with the NP as previously described (26) (27) (28) . The phosphate was associated predominantly with the larger NP polypeptide (Fig. 4, lane 2) , and this is consistent with the recent findings of Almond and Felsenreich (2) . Lane 2 of Fig. 4 phospholipid. Many 32P-labeled proteins could be detected in the uninfected control cells. These proteins were also detected in the infected cells. However, a very prominent band appeared in the infected cell which was not present in the control, and this band migrated to the position where the Ml and NS, proteins were found. We were unable to distinguish phosphorylated Ml from NS,, which had previously been shown to be a phosphoprotein (28, 29) . Nor was the NP detected in phosphorylated form under these conditions.
Antisera, which were made in rabbits against M1 protein bound to lipid vesicles, were used to detect phosphorylated Ml in the infected cell. Antisera specific for NS1 were also used to detect phosphorylated NS,. Whereas preimmune sera did not immunoprecipitate virus-specific proteins, antisera to NS, precipitated phosphorylated NS, which was present in the infected cell (Fig. 5, lane 2) . The antisera to MI precipitated Ml from [35S]methionine-labeled cells and were specific for this component (Fig. 5, lane 5) . Although more M.,, protein seemed to be immunoprecipitated in this preparation than is usually seen, both Ml., and Mlb are generally precipitated by the antiserum. When antiserum to M, was used on cytoplasm from infected and 32P-labeled cells, the two bands of M, were immunoprecipitated (Fig. 5, lane 6) .
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Therefore, although the Ml components could not be detected in phosphorylated form when whole cytoplasm was analyzed on gels, the proteins were present in phosphorylated form in the infected cell and could be detected by specific antisera.
Identification of phosphorylated amino acids in Ml proteins.
The phosphorylated amino acid species of the two M1 components were identified and were compared with the phosphorylated residues of the NP and NS, components.
The specific proteins were isolated from gels, hydrolyzed, and analyzed for phosphorylated amino acids on cellulose thin-layer plates. The Mia component contained phosphoserine (Fig. 6A) . The Mlb protein contained phosphoserine also, but a trace amount of phosphothreonine was detected (Fig. 6B) . The NS1 protein isolated from nucleoli contained only phosphothreonine (Fig. 6C ), in agreement with the finding of Privalsky and Penhoet (29) . A pool of NP polypeptides contained phosphoserine as previously reported (29), but a small amount of phosphothreonine could also be detected (Fig. 6D) . It is not clear why the M1 proteins separated into two components on gels, but it is possible that the separation is based in part on a difference in phosphorylation or is due to a slight proteolytic cleavage of one of the components.
DISCUSSION
The M proteins of the myxo, paramyxo, and rhabdoviruses play a central role in the assembly of these viruses. These proteins and their interactions with other viral components have only been partially characterized, although they are major proteins in all three groups of viruses (7, 33, 34, 38) . The M proteins of vesicular stomatitis virus and influenza virus both interact with the viral lipid bilayer. The M protein of vesicular stomatitis virus interacts with lipid by hydrophobic and electrostatic bonds and does not penetrate into the bilayer (25, 40) . The lack of partition into lipid bilayers is consistent with the sequence of that protein, It is not clear why phosphorylated M1 was not detected in earlier studies which described the phosphorylated state of the NP in the virus particle (27, 37) . We routinely starve the cells of phosphate for 17 h before infecting them with virus which is also free of phosphate. This probably makes a difference in the size of the cold phosphate pool in the cell and facilitates uptake of phosphate into the viral proteins. Furthermore, the viral proteins are analyzed on gels after removing the phospholipid and degrading the RNA with RNase. In this way, it is possible to detect the phosphorylated NP, M1, and a third unidentified component which migrates above the HAo position (see Fig. 4 ). The latter protein can be removed by treating whole virus with chymotrypsin, and it is not clear if the protein is a contaminant or a viral component; it contains phosphate at serine residues. Our analysis of the NP from the virus indicates that the larger NP is predominantly phosphorylated, in agreement with the findings of Almond and Felsenreich (2) . The NP contains phosphate predominantly at serine residues, as reported previously (29) , but a certain amount of threonine is also phosphorylated (see Fig. 6D ).
The function of phosphorylation of Ml is unknown. M is an integral membrane protein, and phosphorylation of structural membrane components may be important in the biosynthesis and assembly of membranes. Phosphorylation of major membrane proteins could alter the fluidity of the lipid bilayer and lead to rearrangement of membrane components (8) , thus allowing for assembly. The introduction of a negatively charged group at a specific location on the M1 protein could have an effect on the assembly of this or other viral proteins into the lipid bilayer. Alternatively, the phosphorylation may influence the interaction of the protein with the ribonucleoprotein during assembly or during transcription in the cell. It is known that Ml interacts with the ribonucleoprotein in vitro to inhibit transcription (42) . The reason for phosphorylation of the M protein in the rhabdo (5, 6) , paramyxo (18) , and myxoviruses is not clear, but the presence of phosphate on this component in all three groups of viruses argues for some specific function.
